INTRODUCTION {#s1}
============

Over the last few decades, the outcome of patients with AML has been improved by development of intensive chemotherapy, risk-based stratification, and stem cell transplantation \[[@R1]\]. However, overall long-term survival remains poor largely due to refractory and relapsed disease. Internal tandem duplication (ITD) mutations in the juxtamembrane domain (JM) of FLT3 are one of the most frequently occurring mutations (\~25%) in AML and are associated with an increased relapse risk and decreased disease-free survival \[[@R2], [@R3]\]. In an attempt to improve the cure rate for these AML patients, several potent FLT3 TKIs have been developed. However, efficacy of monotherapy with FLT3 TKIs has been limited as a result of a variety of resistance mechanisms \[[@R4]--[@R8]\]. Combinatorial strategies will be clinically important to reverse resistance and improve outcome in FLT3/ITD+ AMLs.

Arsenic trioxide (ATO, As~2~O~3~) is an inorganic compound which has been proven successful in treating PML-RARα positive acute promyelocytic leukemia (APL) through SUMOylation and ubiquitination of the PML-RARα mutant \[[@R9]--[@R12]\]. Other than PML-RARα, ATO has been reported to cause proteasome-dependent degradation of mutant p53, cytoplasmic NPM1 mutation (NPMc) and BCR-ABL oncoprotein, resulting in apoptosis of leukemia cells expressing these mutations \[[@R13]--[@R17]\]. In addition, ATO also affects a variety of other targets including JNK, NF-κB, thioredoxin reductase, and MAPK, and is involved in the reactive oxygen species (ROS) production \[[@R18]--[@R22]\]. These mechanisms enable it to exert anti-tumor effects against a wide range of cancers, including non-APL AML, non-AML hematological malignancies and solid tumors \[[@R23], [@R24]\]. Therefore, ATO has also been tested in a number of clinical trials for the treatment of non-APL AML with the demonstration of some clinical activity. However, as compared to APL, non-APL myeloid leukemia cells are less sensitive to the pro-apoptotic effects of ATO \[[@R25]--[@R27]\]. The clinical application of ATO has been somewhat limited by its toxicity to heart, liver, kidney and the nervous system, especially the cardiac toxicity caused by high concentrations of ATO \[[@R28]\]. This has led to a search for approaches to combine ATO with chemotherapy or other agents.

Recently, several studies have reported the synergistic effects of ATO and FLT3 TKIs on FLT3 mutant leukemia cells \[[@R29]--[@R31]\]. Although several signaling pathways, including those involving STAT5, ERK, AKT, GSK3β are mentioned to be affected by the combination of the 2 drugs, the underlying mechanisms have not been fully illustrated. Here we investigate the feasibility of combining ATO with FLT3 TKIs, with a specific focus on understanding ATO\'s effect on the degradation of mutant FLT3 protein, as a strategy to increase the efficacy of FLT3 TKIs in the aim to improve the treatment of FLT3/ITD+ leukemia.

RESULTS {#s2}
=======

ATO synergizes with FLT3 TKIs to inhibit the proliferation and colony formation of FLT3 mutant leukemic cells {#s2_1}
-------------------------------------------------------------------------------------------------------------

We first tested the anti-proliferative effect of ATO against a variety of non-APL leukemic cells. Proliferation assay demonstrated that FLT3 mutant cells (Molm14, MV4;11 and HB11;19) were more sensitive to ATO compared with FLT3/WT cells (SEMK-2 and THP1) or FLT3-negative cells (HL60, K562, and U937) (Figure [1A](#F1){ref-type="fig"} and [Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). The IC~50~ of ATO was significantly lower against the FLT3-mutant cells compared to the FLT3/WT and FLT3-negative cells (Figure [1B](#F1){ref-type="fig"}). This suggests that ATO may exert a stronger effect on FLT3 mutant leukemic cells.

![ATO has relatively selective anti-proliferative effects against FLT3/ITD + leukemia cells\
**A.** FLT3/ITD+ (Molm14, MV4;11), FLT3/WT (THP1) or FLT3 negative cells (U937) were treated with ATO for up to 72 hours. Cells were subjected to MTT-based cell proliferation assays. **B.** IC~50~ was calculated based on the MTT assay results at 48 hours.](oncotarget-09-32885-g001){#F1}

To evaluate the effect of combination therapy on cell proliferation, AML cells were treated with increasing concentrations of FLT3 TKI alone (sorafenib, quizartinib or midostaurin), ATO alone, or the combination for 24 hours. A significant inhibition of proliferation in response to the combination therapy was observed in the two FLT3/ITD+ Molm14 and MV4;11 cell lines with combination index (CI) values at ED~50~ below 1.0 for both sorafenib and quizartinib (Figure [2A](#F2){ref-type="fig"} and Table [1](#T1){ref-type="table"}). Midostaurin, a FLT3 TKI with dual inhibitory activity against both FLT3/ITD and FLT3/TKD mutations, showed synergistic effects against Molm14, MV4;11 and HB11;19 cells when combined with ATO. As expected, neither sorafenib nor quizartinib (which are not active against the FLT3/TKD mutation of HB11;19 cells) demonstrate synergy against HB11;19 cells when combined with ATO. No synergy was observed between ATO and the 3 drugs against non-FLT3 mutant cells (Table [1](#T1){ref-type="table"}, [Supplementary Tables 1, 2](#SD1){ref-type="supplementary-material"}, [Supplementary Figure 2A-C](#SD1){ref-type="supplementary-material"}).

![ATO synergizes with FLT3 TKIs to reduce proliferation and clonogenicity of FLT3/ITD+ cell lines\
**A.** Cells were treated with sorafenib (0-16nM) or quizartinib (0-8nM) either alone or in combination with ATO (0-4μM) for 24 hours. Cell proliferation was measured in quadruplicate by MTT assay. **B.** CFU counts at 9 and 14 days of Molm14 and MV4;11 cells cultured in methylcellulose-based medium (Stemcell Technologies, H4230) treated with sorafenib (4nM) and/or ATO (1μM). Data indicate average ± SD. N=3. Representative images of colonies are shown below. Images were acquired at room temperature using a Nikon Eclipse Ti-E inverted microscope imaging system with a Nikon NIS-Elements AR3.0 software.](oncotarget-09-32885-g002){#F2}

###### Combination index (CI) values for FLT3 TKIs in combination with ATO

                      Molm14   MV4;11   THP-1   U937
  ------------------- -------- -------- ------- ------
  ATO + sorafenib     0.65     0.57     \>10    \>10
  ATO + quizartinib   0.46     0.56     \>10    \>10
  ATO + midostaurin   0.98     0.93     2.74    \>10

\* Data were collected 24 hours after treatment and CI values calculated at ED~50~.

Furthermore, we assessed the effects of the drugs on the colony formation of the cell lines. While sorafenib, quizartinib or ATO alone led to a substantial reduction in colony numbers in both Molm14 and MV4;11 cells, clonogenicity were further decreased upon combination treatment. The colonies that did grow were noted to have greatly reduced size as well (Figure [2B](#F2){ref-type="fig"}, [Supplementary Figure 2D](#SD1){ref-type="supplementary-material"}).

Combination of ATO and FLT3 TKIs increases cell cycle arrest, apoptosis and differentiation of FLT3 mutant leukemic cells {#s2_2}
-------------------------------------------------------------------------------------------------------------------------

To evaluate the induction of apoptosis in FLT3/ITD+ cells in response to treatment with sorafenib/ATO or quizartinib/ATO, we performed Annexin V and 7-AAD staining on drug-treated Molm14 and MV4;11 cells. Both cells treated with ATO + TKI showed higher levels of apoptosis compared to treatment with either drug alone, in a dose- and time-dependent fashion (Figure [3A](#F3){ref-type="fig"}). Combination of ATO + midostaurin also induced increased apoptosis in HB11;19 cells ([Supplementary Figure 3A](#SD1){ref-type="supplementary-material"}). In contrast, in non-FLT3 mutant leukemic cells, ATO resulted in limited induction of apoptosis and no additive effect when combined with FLT3 TKI ([Supplementary Figure 3B](#SD1){ref-type="supplementary-material"}).

![Combining sorafenib with ATO induces strong apoptosis, cell cycle arrest and differentiation in FLT3/ITD+ cell lines\
**A.** FLT3/ITD+ (Molm14, MV4;11) cells were treated with sorafenib/quizartinib +/− ATO at the indicated concentrations followed by Annexin V binding 24 or 48 hours later. **B.** For cell cycle analysis, cells were stained with propidium iodide (PI) at 48h followed by flow cytometry. **C.** FLT3/ITD+ (Molm14, MV4;11) leukemia cell lines were treated with sorafenib and / or ATO at the indicated concentrations followed by CD11b staining and flow cytometry analysis 48 hours after treatment. **D.** Cellular morphology 48 hours after sorafenib (8nM) and / or ATO (2μM) treatment (500× images, scale bar = 10 microns; 1000× images, scale bar = 20 microns). Wright-Geimsa stained slides were imaged on an Olympus BX46 microscope with an Olympus DP72 camera using Olympus cellSens Standard 1.5 image acquisition software. **E.** C/EBPα and PU.1 expression, determined by Quantitative RT-PCR as normalized to GAPDH, and **F.** Western blotting for C/EBPα and PU.1 expression in Molm14 cells following 48-hour treatment with ATO at the indicated concentrations.](oncotarget-09-32885-g003){#F3}

We also examined the influence of sorafenib and ATO on cell cycle kinetics of the FLT3/ITD+ cells. Both sorafenib and ATO induced cell cycle arrest with an increased fraction of cells in G~1~ or sub-G~1~ and a decreased fraction in S and G~2~/M phase. Combination treatment resulted in a significant increase in the fraction of cells in sub-G~1~ (Figure [3B](#F3){ref-type="fig"}). Little change was noted in the fraction of cells in different stages of the cell cycle in the non-FLT3 mutant cells in response to each drug alone or the combination ([Supplementary Figure 3C](#SD1){ref-type="supplementary-material"}). These results are consistent with previous reports showing that ATO induces cell cycle arrest in myeloma cells \[[@R32], [@R33]\].

We next examined whether treatment with the drugs caused any changes in differentiation of the cells. Combination therapy increased CD11b and CD14 expression (markers of myeloid and monocytic differentiation) in the remaining viable Molm14 cells compared to ATO or sorafenib treatment alone. While MV4;11 cells express CD14, expression of CD11b was enhanced by ATO and sorafenib combination treatment (Figure [3C](#F3){ref-type="fig"}). Morphologically, Molm14 cells treated with 2μM ATO showed evidence of maturation, as characterized by larger cell size, increased cytoplasm with occasional eosinophilic granules, and more complex nuclear location (Figure [3D](#F3){ref-type="fig"}). THP-1 cells also increased the percentage of cells expressing CD11b in response to ATO, but the addition of sorafenib did not cause any further increase ([Supplementary Figure 3D, E](#SD1){ref-type="supplementary-material"}).

C/EBPα and PU.1 are two key myeloid regulators known to play pivotal roles in monocytic and granulocytic differentiation \[[@R34], [@R35]\]. ATO treatment of Molm14 cells increased RNA expression of both of these differentiation regulatory transcription factors (Figure [3E](#F3){ref-type="fig"}). Western blotting analysis confirmed increased C/EBPα and PU.1 protein levels in the treated cells (Figure [3F](#F3){ref-type="fig"}).

ATO decreases FLT3 expression and in combination with FLT3 TKI further inactivates FLT3 and its downstream pathways {#s2_3}
-------------------------------------------------------------------------------------------------------------------

We next investigated the mechanism(s) by which ATO treatment affects cell proliferation and differentiation in FLT3/ITD+ cells, and how ATO combines with FLT3 TKI to kill those cells. To that end, we examined expression and activity of FLT3 and its downstream targets in the presence of ATO and FLT3 TKIs in Molm14 and MV4;11 cells. 24 hours after sorafenib or quizartinib treatment, as expected, these cells displayed inhibition of phosphorylated FLT3 in a dose-dependent manner (Figure [4A](#F4){ref-type="fig"}, [Supplementary Figure 4A](#SD1){ref-type="supplementary-material"}). As has been previously reported, a significant increase in the level of glycosylated (mature-form, MW 155kDa) but not unglycosylated (immature form, MW 130kDa) FLT3 accumulates once FLT3 kinase activity was inhibited. In contrast, ATO treatment significantly reduced expression of both the mature and immature forms of FLT3. The addition of ATO to sorafenib diminished the extent of increase in FLT3 expression caused by sorafenib treatment alone. The addition of ATO to sorafenib treatment further decreased the level of FLT3 phosphorylation. In FLT3/WT+ THP-1 cells, ATO and the combination decreased protein levels of FLT3 to a lesser extent ([Supplementary Figure 4B](#SD1){ref-type="supplementary-material"}).

![ATO decreases protein levels of FLT3 and shows potent inactivation of FLT3 and its downstream signals in combination with FLT3 TKI\
**A.** Levels of total FLT3, phospho-FLT3 (pFLT3) in FLT3/ITD+ Molm14 and MV4;11 leukemia cells treated with sorafenib, ATO, or combination for 24 hours. Numbers below pFLT3 and FLT3 are the values of each individual band relative to untreated sample (normalized to actin control). **B.** Quantitative RT-PCR of expression of FLT3, HOXA9 and MEIS1 in FLT3/ITD+ (Molm14, MV4;11) leukemia cell lines treated with sorafenib, ATO, or the combination for 24 hours at the indicated concentration. Values were normalized to GAPDH. **C.** Western blot analysis showing FLT3 and its downstream signaling proteins (STAT5, AKT and ERK) as well as their phosphorylated levels in Molm14 cells treated with sorafenib (4\~16nM) and/or ATO (1\~4μM) for 24 hours.](oncotarget-09-32885-g004){#F4}

qPCR analysis showed an increase in FLT3 RNA expression in sorafenib-treated Molm14 cells, whereas ATO or ATO + sorafenib significantly inhibited FLT3 RNA expression (Figure [4B](#F4){ref-type="fig"}). HOXA9 and MEIS1 are known to be major transcriptional regulators of FLT3 expression \[[@R36], [@R37]\]. qPCR analysis revealed that FLT3 TKI treatment of Molm14 cells increased expression levels of both HOXA9 and MEIS1 RNA. ATO or the combination treatment reduced expression of both genes, correlating with the observed reduced FLT3 expression. ATO also reduced FLT3 expression and its transcriptional regulators in FLT3/WT+ THP-1 cells ([Supplementary Figure 4C](#SD1){ref-type="supplementary-material"}).

To investigate whether the combination of ATO with FLT3 TKIs affects signaling downstream of FLT3, we analyzed the activity of STAT5, AKT, and ERK in Molm14 cells treated with sorafenib + ATO. ATO + sorafenib further reduced the activation levels of STAT5, AKT, and ERK seen with treatment with sorafenib alone. It is notable that the combination has persistent inhibitory effects on ERK, which was recently shown to adaptively rebound in response to 24 hours of FLT3 inhibition (Figure [4C](#F4){ref-type="fig"}) \[[@R38]\]. Similar results were found in ATO + quizartinib-treated MV4;11 cells ([Supplementary Figure 4A](#SD1){ref-type="supplementary-material"}).

ATO reduces autocrine/paracrine activation by FLT3 ligand through down-regulation of surface FLT3 protein {#s2_4}
---------------------------------------------------------------------------------------------------------

FLT3 ligand (FL) levels are known to be increased by both FLT3 TKI and chemotherapy treatment of patients with leukemia. This increased level has been shown to increase the level of FLT3 phosphorylation and shifts the dose-response curve to the right (i.e, more resistant) in patients being treated with FLT3 TKI. In order for FL to cause this shift, surface FLT3 must be present in order to bind its ligand \[[@R39]--[@R41]\]. To determine the effect of ATO on the surface expression levels of FLT3, we utilized flow cytometry analysis for CD135 (FLT3) expression. Treatment with sorafenib (8nM) increased the Mean Fluorescence Intensity (MFI) of CD135 to nearly twice that of untreated cells whereas ATO (2μM) and combination treatment decreased the MFI (Figure [5A](#F5){ref-type="fig"}). Next, we evaluated the response to FL of FLT3 phosphorylation under each of these conditions. Enhanced activation/phosphorylation of FLT3 by FL was observed in the untreated Molm14 cells. FL addition restored phosphorylated FLT3 to near baseline levels despite sorafenib treatment. ATO and combination treatment both greatly reduced the FL-stimulated increase of phosphorylation of FLT3 (Figure [5B](#F5){ref-type="fig"}). The cartoon summarizes these findings. (Figure [5C](#F5){ref-type="fig"}).

![ATO induces down-regulation of surface FLT3 and reduces autocrine/paracrine activation by FLT3-Ligand\
**A.** Flow cytometry analysis of surface FLT3 expression on Molm14 cells treated with sorafenib (8nM), ATO (2μM), or the combination for 24 hours. Light solid line indicates immunoglobulin isotype. Heavy solid line (blue) indicates Untreated cells. Filled line indicates cells treated as indicated. MFI: Mean Fluorescence Intensity. **B.** Expression and phosphorylation levels of FLT3 in Molm14 cells treated with sorafenib (8nM), ATO (2μM), or the Combination for 24 hours and then stimulated with FLT3-Ligand (0-10ng/ml) for 10 minutes. **C.** Illustration of FLT3 on the surface and growth signaling from it in FLT3/ITD+ cells treated with FLT3 TKIs alone or in combination with ATO.](oncotarget-09-32885-g005){#F5}

ATO facilitates poly-ubiquitination and degradation of FLT3 partly through reducing the binding of mutant FLT3 to the deubiquitinating enzyme USP10 {#s2_5}
---------------------------------------------------------------------------------------------------------------------------------------------------

Several reports have demonstrated that ATO induces poly-ubiquitination and degradation of several mutant oncogenic proteins, including mutated p53 and NPMc \[[@R14], [@R17]\]. To investigate whether ATO induces ubiquitination and degradation of FLT3/ITD, we transduced a ubiquitin-expressing lentivirus into TF1/FLT3/WT and TF1/FLT3/ITD cells (TF1/wtFLT3-Ub and TF1/ITD-Ub). Co-immunoprecipitation assays demonstrated that treatment of TF1/ITD-Ub cells with ATO resulted in enhanced ubiquitin co-precipitating with FLT3 protein in a time- and dose-dependent manner. In contrast, ubiquitin binding with FLT3 protein was greatly decreased when cells were treated with sorafenib (Figure [6A, 6B](#F6){ref-type="fig"}).

![ATO induces poly-ubiquitination and degradation of FLT3\
**A.**, **B.** TF-1/ITD-Ub cells were treated with ATO or sorafenib followed by immunoprecipitation with FLT3 antibody and Western blotting. Signal intensity of Ubiquitin relative to FLT3 *vs*. control is shown. **C.**, **D.**, **E.** TF1/WT-Ub or TF1/ITD-Ub cells were treated with 5μM MG-132 for 1 hour followed by 4-hour treatment with ATO or sorafenib. Western blotting was conducted following immunoprecipitation with anti-FLT3 antibodies or using whole cell lysate (WCL). **F.** TF1-ITD-Ub cells were treated with 5μM MG-132 for 1 hour followed by 17-AAG and/or ATO treatment for 4 hours. Cell lysates were immunoprecipitated with anti-FLT3 antibodies followed by Western blotting for FLT3 or Ubiquitin proteins. **G.** Summary of the mechanisms for the synergistic combination of ATO and FLT3 TKIs in FLT3 mutant AML cells.](oncotarget-09-32885-g006){#F6}

As ubiquitination triggers the ubiquitin-proteasome pathway leading to a protein degradation cascade, we investigated whether the increased ubiquitination observed in ATO-treated FLT3/ITD+ cells also causes FLT3 degradation. When TF1/wtFLT3-Ub and TF1/ITD-Ub cells were treated with the proteosomal inhibitor MG-132 (to reduce the rate of degradation so the products of partial cleavage can be visualized) a smear towards lower molecular weights can be observed for ubiquitin in the ATO treated lanes in a dose dependent manner. Only a weak ubiquitin signal was detected in TF1/wtFLT3-Ub treated with ATO (Figure [6C](#F6){ref-type="fig"}). This result shows that ATO preferably induces poly-ubiqutination of mutant FLT3/ITD protein compared to FLT3/WT protein.

Increase in FLT3 expression upon TKI treatment could be caused by increased transcription (as shown in Figure [4B](#F4){ref-type="fig"}) or reduced degradation, or both. To further elucidate its association with FLT3 ubiquitination and degradation, we performed co-immunoprecipitation assay on sorafenib-treated TF1/ITD-Ub cells. We found that while ATO promoted the ubiquitination of FLT3, sorafenib reduced FLT3 ubiquitination. This occurred in a dose-dependent manner and in line with the observed increased levels of FLT3. The addition of higher concentrations of ATO (\>2μM) to the sorafenib-treated cells increased the levels of ubiquitination of FLT3 (Figure [6D](#F6){ref-type="fig"}, [Supplementary Figure 5](#SD1){ref-type="supplementary-material"}). Thus, FLT3 TKI treatment decreases ubiquitination and degradation of FLT3 as well as increases its transcription, causing increased levels of FLT3 protein in FLT3 mutant cells. In contrast, ATO treatment reduces FLT3 expression through enhanced ubiquitination and decreased transcription.

USP10 is a deubiquitinating enzyme, which specifically removes ubiquitin from its target substrates, such as p53, thus preventing these proteins from degradation. It was recently reported that inhibition of USP10 also induces degradation of FLT3/ITD \[[@R42]\]. Since ATO treatment induces ubiquitination of FLT3/ITD protein, we investigated whether increased ubiquitination in ATO-treated FLT3/ITD cells is the consequence of the dissociation of USP10 with mutant FLT3 protein in response to ATO-treatment. Co-immunoprecipitation assays showed that ATO treatment led to significantly reduced binding of USP10 with FLT3 protein in TF1/ITD-Ub cells. In contrast, only a weak decrease in USP10 binding was observed in TF1/wtFLT3-Ub cells when treated with a higher concentration of ATO (8μM) (Figure [6C](#F6){ref-type="fig"}). These results suggest that ATO treatment results in ubiquitination of mutant FLT3 protein, at least partly through the reduced binding with the deubiquitinating enzyme USP10.

Molecular chaperones, including heat shock protein 90 (Hsp90), form complexes and stabilize client proteins \[[@R43]\]. Client proteins not being chaperoned by the mature Hsp90 complex are degraded through the ubiquitin proteasome pathway. Previous reports showed that Hsp90 is overexpressed in tumor cells and protects oncogenic mutant proteins including FLT3/ITD from ubiquitination and degradation \[[@R44]--[@R46]\]. Surprisingly, we found increased Hsp90 protein binding with FLT3 in the ATO-treated cells (Figure [6E](#F6){ref-type="fig"}). Therefore, while ATO facilitate polyubiqutination and degradation of FLT3 protein it also appears to increase binding of Hsp90, which, partially protects FLT3 protein from ubiqutination and degradation. Based on this hypothesis, we added 17-AAG, an Hsp90 inhibitor, into the ATO-treatment group. Co-immunoprecipitation revealed that 17-AAG accelerated ubiqutination and degradation of FLT3/ITD in cells treated with ATO (Figure [6F](#F6){ref-type="fig"}). Our results suggest that inhibition of Hsp90 may be desirable in FLT3/ITD+ leukemic cells treated with ATO to enhance degradation of the mutant FLT3 protein. The proposed mechanisms for the synergistic effects of ATO and FLT3 TKIs in FLT3 mutant AML cells are summarized in Figure [6G](#F6){ref-type="fig"}.

The addition of ATO to TKI treatment of FLT3/ITD+ patient primary leukemic cells further suppresses their growth, viability and clonogenicity {#s2_6}
---------------------------------------------------------------------------------------------------------------------------------------------

To investigate whether the observed additive/synergistic effects of ATO plus FLT3 TKI observed for FLT3/ITD+ cells is also true for primary FLT3/ITD+ AML cells, we performed a similar series of experiments using patient samples.

Samples were treated with sorafenib, ATO or the combination for 72 hours, and analyzed for cell proliferation by MTT assay. The combination shows synergistic anti-proliferative effects on FLT3/ITD AML patient samples AML1, AML2 and AML3, with CI values of 0.658, 0.733 and 0.827, respectively at the ED~50~. In FLT3/WT leukemic samples, variable sensitivity to ATO was observed, but no additive or synergistic effect was seen in response to the combination (Figure [7A](#F7){ref-type="fig"}). Significant increases in apoptosis and decreases in cell viability were also noted in FLT3/ITD+ leukemia samples in response to combination treatment whereas little change was observed in FLT3/WT leukemic and the normal BM MNC samples (Figure [7B, 7C](#F7){ref-type="fig"}). We also performed CFU assays on the primary leukemia samples and normal BM MNC and observed significant decreases in the colonies formed in response to the combination *vs*. that of either drug alone only for the FLT3/ITD+ leukemic samples (Figure [7D](#F7){ref-type="fig"}). The combination of ATO and FLT3 TKI resulted in potent inhibition on downstream targets of FLT3 signaling in FLT3/ITD+ leukemia samples, as was seen previously for the FLT3/ITD+ cell lines (Figure [7E](#F7){ref-type="fig"}).

![Combination of ATO with sorafenib increases anti-leukemic effects on FLT3/ITD+ patient primary cells and inhibits growth of transplanted leukemia cells *in vivo*\
BM samples from AML patients with mutant (FLT3/ITD, patients AML1, 2 and 3) or wild-type FLT3 (patients AML4 and 5) or a healthy donor (Normal BM1) were treated with sorafenib and/or ATO. **A.** MTT assay 72 hours after treatment, **B.** Flow-cytometry-based apoptosis assay, **C.** trypan blue staining and **E.** Western blotting analysis were conducted 48 hours after treatment; **D.** CFU-L assay were performed and colonies were counted after 10 days of incubation. **F.**, **G.** Engraftment in peripheral blood and BM of recipients on day 25, represented by percentage of human CD45^+^ cells out of total mononuclear cells. **H.** Kaplan-Meier survival curve for recipients receiving the indicated treatments for 3 weeks (5 times per week) starting on day 3 after transplantation. Error bars indicate average ± SD. \*\**p* \< 0.001, \**p* \< 0.05.](oncotarget-09-32885-g007){#F7}

Combination of ATO with sorafenib i*n vivo* modestly reduces leukemic cell engraftment in mice transplanted with FLT3/ITD+ Molm14 cells {#s2_7}
---------------------------------------------------------------------------------------------------------------------------------------

To determine whether the combination of ATO plus FLT3 TKI treatment was effective *in vivo*, we injected NSG mice with 0.5×10^6^ Molm14 cells. Three days after transplantation, vehicle alone, sorafenib alone, ATO alone, or the combination of sorafenib plus were administrated for 3 weeks. On day 25 after transplantation, significant reductions were noted in the fraction of leukemic cells (hCD45+) in PB of the sorafenib and combination groups (Figure [7F](#F7){ref-type="fig"}). ATO treatment appeared to induce mobilization from BM and thus showed an increased fraction of cells in the PB. In the BM, the combination treatment of ATO plus sorafenib resulted in a moderate but statistically significant reduction in leukemic cells compared to either drug alone (Figure [7G](#F7){ref-type="fig"}).

We also followed the survival of a Molm14-injected cohort of NSG mice treated with the different drug combinations. Only the sorafenib and combination treatment groups showed a modestly prolonged survival compared to the vehicle control group. The combination group showed improved survival compared to the sorafenib alone group (Figure [7H](#F7){ref-type="fig"}). These results suggest that the combination of ATO with sorafenib modestly reduces the engraftment and expansion of FLT3/ITD+ cells *in vivo.*

DISCUSSION {#s3}
==========

Leukemic cells have a number of ways of avoiding cytotoxicity induced by FLT3 TKIs. Increasing expression of FLT3 receptor and its ligand both occur in AML cell lines and primary cells treated with FLT3 TKIs and can at least partially reverse kinase inhibition \[[@R40], [@R41]\]. Eventually, these leukemic cells can acquire resistance mutations within the TKD or other areas of FLT3 rendering them insensitive to FLT3 TKI. They can also develop mutations or upregulate signaling in other pathways leading to FLT3-independence as a mechanism for secondary drug resistance \[[@R47]\].

In this study, morphologic and phenotypic differentiation was induced in Molm14 cells treated with ATO *via* up-regulation of C/EBPα and PU.1 expression. ATO has previously been observed to induce monocytic and granulocytic differentiation of non-APL AML cell lines and patient primary cells. ATRA plus ATO treatment induces HL-60 differentiation *via* down-regulated expression of proteinase 3 (PRTN3) and up-regulation of PU.1 expression \[[@R48]\]. The combination of ATO and Nilotinib induced macrophage and granulocyte differentiation of primary CML myeloid blast crisis leukemic cells \[[@R49]\]. Thus, the addition of ATO to help induce differentiation of FLT3/ITD+ AML blasts in combination with FLT3-TKIs has analogous precedents.

It has also been shown that compensatory up-regulation of FLT3 expression occurs in leukemic cells treated with FLT3 TKIs. FLT3 ligand (FL) is also up-regulated through feedback loops when FLT3 signaling is inhibited with FLT3 TKI. In leukemia cells, FL stimulates auto/paracrine signaling and impedes the efficacy of FLT3 TKIs \[[@R40], [@R41]\]. There are several reports that ATO induces activation of ERK1/2 and MAPKα in leukemic cell lines \[[@R50], [@R51]\]. Reactivation of ERK by 24 hours as an adaptive response to FLT3 TKI inhibition has recently been reported \[[@R38]\]. Interestingly, the combination of ATO and FLT3 TKI showed stable inhibition of ERK activation in Molm14 and patient leukemic cells. The synergistic combination of ATO with FLT3 TKIs likely works in overcoming resistance mechanisms including auto/paracrine FL stimulation, FLT3 overexpression and activation of alternative pathways by inhibition of FLT3 up-regulation. In this report, we show that in contrast, ATO reduces the level of FLT3 protein through enhanced degradation and repressed production, thus preventing leukemic cells from up-regulation of FLT3 in response to TKI treatment. This blocks the ability of FL to stimulate signaling through the receptor and to interfere with the cytotoxic effect of FLT3 TKIs.

Previous work has shown that ATO represses NF-κB activation and induces cell apoptosis in leukemia cells \[[@R52]\]. Our results showed that ATO also reduces expression of HOXA9 and MEIS1. HOXA9 regulates its own expression by a feedback loop requiring binding between HOXA9 and NF-κB. In addition, HOXA9 and MEIS1 are known to be major transcriptional regulators of FLT3 expression \[[@R36], [@R37]\]. It is thus likely that NF-κB is involved in the ATO-induced down regulation of HOXA9, MEIS1 and FLT3.

FLT3 protein gets degraded through the ubiquitin-proteasome pathway. The ubiquitination process involves the action of ubiquitin-activating (E1), -conjugating (E2) or -ligating (E3) enzymes as well as deubiquitinating enzymes (DUBs) \[[@R53]\]. While phosphorylated wild-type FLT3 and constitutively autophosphorylated FLT3/ITD are poly-ubiquitinated and degraded through E2 ubiquitin conjugase UBCH8 and E3 ubiquitin ligase SIAH1, these enzymes are up-regulated by HDACi \[[@R54]\]. A more recent study revealed that USP10, a deubiquitinating enzyme, is essential for the stabilization of FLT3 protein and inhibition of USP10 induces the degradation of FLT3/ITD, as well as FLT3/TKD, albeit to a lesser extent \[[@R42]\]. This implies that compared to wild-type FLT3, FLT3/ITD and FLT3/TKD mutations may depend more on USP10 for their stabilization, and are thus more susceptible to ubiquitination targeting USP10. The data in our report demonstrated that ATO treatment reduces the binding of USP10 to FLT3 protein, which might partly contribute to the enhanced ubiquitination of mutant FLT3 protein.

Hsp90 is an important chaperone molecule assisting in folding and preventing client proteins from ubiquitination and degradation \[[@R44]\]. FLT3/ITD mutations result in a higher energy of folding and is therefore unstable, making it more dependent on the Hsp90 chaperone in leukemic cells \[[@R45], [@R55]\]. We found increased HSP90 protein binding with FLT3 in the ATO-treated cells perhaps as a result of its further destabilization by ubiquitination. The addition of the Hsp90 inhibitor 17-AAG facilitated the further ubiquitination and degradation of FLT3 protein induced by ATO. These results suggest that inhibition of Hsp90 may be advantageous in leukemic cells treated with ATO in terms of degradation of oncogenic proteins.

It is notable that in the *in vivo* model, the engraftment levels in all of the four groups were still high and the survival time differences were modest despite statistical significances for both. We believe the modest results from the *in vivo* assays *vs*. the more extensive differences in the *in vitro* assays have to do with the effect of the surrounding stromal cells *in vivo*. The MV4;11 cells growing *in vitro* is highly dependent on constitutively activated FLT3 signaling therefore their sensitivity to FLT3 inhibitors determines their survival/proliferation. When growing *in vivo*, the presence of stromal cells and cytokines provides multiple survival signals making them less dependent on the FLT3 pathway.

In conclusion, this report has demonstrated that ATO exerts synergistic anti-leukemic effects together with FLT3 TKI through down regulation of FLT3 expression. This mechanism can overcome the increased expression of FLT3 with autocrine activation of signaling by FL seen in response to FLT3 TKIs. ATO has the potential to improve the efficacy of FLT3 TKIs in the treatment of FLT3/ITD+ leukemia.

MATERIALS AND METHODS {#s4}
=====================

Cell lines, primary cells and reagents {#s4_1}
--------------------------------------

AML cell lines were cultured in RPMI1640 medium supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin. Primary samples were acquired upon Johns Hopkins institutional review board (IRB) approval with written informed consent from all patients and healthy volunteers in accordance with the Declaration of Helsinki. Bone marrow (BM) mononuclear cells (MNCs) were isolated by centrifugation and stored in liquid nitrogen until use.

Arsenic trioxide (Sigma) was dissolved in 1M NaOH at 60°C for 20 min and prepared as a 25mM stock solution. Quizartinib (AC220), sorafenib and lestaurtinib (LC Laboratories) were dissolved in dimethylsulfoxide (DMSO) and prepared as 10mM stock solutions in RPMI with 0.1% DMSO. Antibodies used are listed in [Supplementary Table 3](#SD1){ref-type="supplementary-material"}.

Cell proliferation assay {#s4_2}
------------------------

Cell proliferation was measured using MTT assay as described previously \[[@R56]\]. IC~50~ was calculated by linear regression analysis of optical density.

Colony formation assay {#s4_3}
----------------------

Colony forming unit (CFU) assays were performed as described previously \[[@R56]\]. Colony numbers were counted after 9-14 days of cell culture.

Flow cytometry analysis {#s4_4}
-----------------------

Flow cytometry analysis was performed using BD FACSCalibur (BD Biosciences) as described previously \[[@R56]\]. All data were analyzed with FlowJo analysis software (Version 9.9.3, Tree Star).

Quantitative RT-PCR analysis {#s4_5}
----------------------------

RNA extraction was performed as previously described and Quantitative RT-PCR was conducted using an CFX96 real-time PCR system (Bio-Rad) \[[@R57]\]. The levels of transcripts were normalized based on that of GAPDH. Primer sequences are shown in [Supplementary Table 4](#SD1){ref-type="supplementary-material"}.

Western blotting and immunoprecipitation {#s4_6}
----------------------------------------

Cells were lysed with Cell Lysis Buffer (Cell signaling) and Complete Mini Protease Inhibitor Cocktail (Roche). Immunoprecipitation and Western blotting analysis were performed as described previously \[[@R56]\].

*In vivo* mouse experiments {#s4_7}
---------------------------

All animal procedures were conducted in accordance with the policy of the Johns Hopkins Animal Care and Use Committee. NOD/SCID-IL-2Rγ^−/−^ (NSG) mice were transplanted with MV4;11 cells *via* lateral tail vein injection. 3 days later, mice were treated with indicated drugs in a 5-days-on/2-days-off schedule. In one cohort, mice were euthanized on day 25 for engraftment analysis. In the other, injected mice were monitored for survival.

Statistical analysis {#s4_8}
--------------------

Statistical analysis was performed with Student\'s t-test and log-rank test by use of the GraphPad software analysis program (Prism). P values of less than 0.05 were considered to be statistically significant. All data are presented as the mean ± standard deviation (SD).
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